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Abstract 
This work is the third part of a study focusing on the combustion chemistry and flame structure 
of furan and selected alkylated derivatives, i.e. furan in Part I, 2-methylfuran (MF) in Part II, 
and 2,5-dimethylfuran (DMF) in the present work. Two premixed low-pressure (20 and 40 
mbar) flat argon-diluted (50%) flames of DMF were studied with electron-ionization molecu-
lar-beam mass spectrometry (EI-MBMS) and gas chromatography (GC) under two equivalence 
ratios (?=1.0 and 1.7). Mole fractions of reactants, products, and stable and radical interme-
diates were measured as a function of the distance to the burner. Kinetic modeling was per-
formed using a reaction mechanism that was further developed in the present series, including 
Part I and Part II. A reasonable agreement between the present experimental results and the 
simulation is observed. The main reaction pathways of DMF consumption were derived from a 
reaction flow analysis. Also, a comparison of the key features for the three flames is presented, 
as well as a comparison between these flames of furanic compounds and those of other fuels. 
An a priori surprising ability of DMF to form soot precursors (e.g. 1,3-cyclopentadiene or ben-
zene) compared to less substituted furans and to other fuels has been experimentally observed 
and is well explained in the model. 
Keywords: 2,5-dimethylfuran, low-pressure flame, model, reaction mechanism, reaction flow 
analysis, molecular-beam mass spectrometry, gas chromatography.  
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1. Introduction 
Biofuel, as a fuel category, is a renewable resource and, although different classes of fuels be-
long to this category, biofuel is generally thought to hold a promising future [1,2]. Ethanol, the 
only renewable liquid fuel currently produced in large quantities, has been the subject of nu-
merous publications [3-9], but it suffers from several limitations, including comparatively low 
energy density, high volatility, and high energy consumption for its production. The search for 
alternatives to ethanol has become a primary research target. Recent developments have fo-
cused their attention on 2,5-dimethylfuran (DMF) as a possible alternative transportation fuel 
which can be produced from biological sources [10-13]. Also it can be produced by biotechno-
logical methods [14]. DMF offers several advantages over the current biofuel ethanol, includ-
ing its 40% higher energy density which is close to that of gasoline [15].  
Combustion of DMF has been investigated in engines [15-17] and its pyrolysis and oxida-
tion have also been studied [18,19]. Wu et al. [20] have analyzed DMF/oxygen/argon flames at 
low pressure (40 mbar) and an equivalence ratio of 2.0 with tunable vacuum ultraviolet (VUV) 
synchrotron radiation photoionization and molecular-beam mass spectrometry. Their work re-
ports intermediate species identification in the combustion of DMF, and they showed that furan 
and 2-methylfuran are stable intermediate species in the low-pressure DMF flames. Based on 
their identification of species, they also proposed possible reaction pathways for the decompo-
sition of furans. Quantitative species profiles were not provided, however. Tian et al. [21] have 
investigated the laminar flame speed of DMF in the range of equivalence ratios ? from 0.6 to 
2.0 and initial temperatures from 323 to 373 K. Their study showed that, for ?=0.9-1.1, DMF 
laminar flame speeds are different from those of gasoline by ~10%. Also, Wu and co-workers 
[22] measured laminar burning velocities and Markstein lengths of DMF-air premixed mix-
tures at different temperatures. 
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Quantum chemical calculations for the DMF system were recently also reported [23,24]. 
Simmie and Metcalfe [23] employed ab initio methods to calculate energies and kinetic rate 
coefficents for several unimolecular decomposition pathways and free radical reactions involv-
ing DMF. They concluded that hydrogen atom migrations to form singlet carbenes are impor-
tant in the decomposition of these species. Friese et al. [24] studied the thermal decomposition 
of DMF to form hydrogen atoms and the corresponding radical as well as the DMF + H reac-
tion behind reflected shock waves; these experiments were performed at 1280-1520 K and 980-
1250 K, respectively, at pressures of 1.6 and 4.7 bar. The authors concluded that the principal 
pathway was an addition-elimination mechanism to yield MF and the methyl radical. Most 
recently, the reaction of DMF with H-atoms has also been studied by Sirjean and Fournet 
[25,26] using a potential energy surface calculated at the CBS-QB3 level of theory and master 
equation/RRKM modeling. The major product channels of this reaction observed in that work 
are the ipso-substitution DMF + H to form MF and the methyl radical as well as the formation 
of 1,3-butadiene and the acetyl radical (CH3CO). Sirjean and Fournet [27] performed similar 
investigations for the 5-methyl-2-furanylmethyl radical via theoretical calculations and master 
equation/RRKM modeling. Note that the 5-methyl-2-furanylmethyl radical is the most impor-
tant primary radical formed during the combustion and thermal decomposition of DMF. In 
their study, pressure-dependent rate coefficients were proposed for pressures from 0.01 bar to 
10 bar and temperatures from 1000 K to 2000 K. Using the results of these theoretical investi-
gations, Sirjean et al. [28] have proposed a detailed kinetic model for the oxidation of DMF 
validated under shock tube conditions (T=1300-1813 K) and using pyrolysis data of Lifshitz et 
al. [19]. 
While some detailed information on the combustion of DMF is thus available, a quantitative 
comparison of flame species profiles with a dedicated chemical kinetic mechanism is, to the 
best of our knowledge, still lacking. In view of the interest in furan and its derivatives as alter-
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native transportation fuels, the present series of experiments of low-pressure furan flames in 
Part I [29] and 2-methylfuran flames in Part II [30] is now followed by measurements of DMF 
combustion for two flame stoichiometries under identical conditions as for the other two fuels 
investigated before. Also, a single model has been developed and tested for all three fuels and 
six flame conditions. With this consistent approach, it is believed that the knowledge of the 
combustion of furanic fuels has been considerably advanced, and that further model develop-
ment including this data may also serve as a basis for transfer of this knowledge to combustion 
conditions more representative of practical application. 
 
2. Experimental results 
The experimental facilities in Bielefeld and Nancy used in this study have been described in 
detail in [31-33] and in Part I [29]; such details will, therefore, not be reported here again. 
 Premixed low-pressure (20 mbar and 40 mbar) flat argon-diluted (50%) flames of DMF 
were investigated for two equivalence ratios (?=1.0 and 1.7). Flame conditions are presented in 
Table 1. Hydrocarbon and oxygenate species were measured with two methods: Online gas 
chromatography (GC) was used in Nancy to provide isomer-specific information for stable 
intermediates, whereas electron-ionization molecular-beam mass spectrometry (EI-MBMS) 
was performed in Bielefeld to provide stable, radical, and intermediate species. Temperature 
was derived from the pressure in the first pumping stage by a procedure described in Part I [29] 
and calibrated at a height of 25 mm above the burner from CO/CO2 absorption measurements 
with a quantum cascade laser using tomographic reconstruction [29]. The temperature profile 
obtained this way traces the fate of a gas sample withdrawn by the probe and is therefore called 
"perturbed" temperature profile here. When this perturbed temperature profile is used as input 
for the simulations, no shifts between experimental and modeling profiles have to be applied. 
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 While the study of Wu et al. [20] has been considered as the first analysis of DMF combus-
tion under laminar premixed low-pressure flame conditions, no mole fraction profiles were 
reported. The present work could then be considered as the first measurement with mole frac-
tion profiles provided. 
 Figures 1-6 show the mole fraction profiles (EI-MBMS) of reactants, selected intermediates 
and products for the fuel-rich flame (?=1.7). Analogous results for the stoichiometric flame can 
be found in the Supplemental Material (Figs. S1-S5). Exemplary results from GC identification 
are presented in Figs. 7 and 8. For all important intermediate species, a summary of experimen-
tal results is given in Tables 2 and 3. This new set of experimental data from premixed DMF 
low-pressure flames was used as a basis for detailed chemical kinetic modeling. 
 For major species presented in Fig. 1, including Ar, O2, CO, CO2, H2O, and fuel, the global 
combustion behavior is very similar to that found for furan [29] and MF [30]. The measured 
exhaust gas composition near 43 mm reaches the thermodynamic equilibrium values (open 
symbols) calculated with Gaseq [34] for the respective flame temperature. The mole fractions 
of CO and H2 measured in the fuel-rich flame are larger than those obtained in the stoichiome-
tric flame and remain constant along the post flame region. 
 For intermediate species (Figs. 2-6 and S1-S5), acetylene (C2H2) is the most abundant one 
with maximum mole fractions of up to 3.1×10-2 and 1.4×10-2 in the fuel-rich (Fig. 2) and stoi-
chiometric flame (Fig. S1), respectively. An excellent agreement between GC and MBMS 
measurements can be observed for this species (Table 3). Methane (CH4), ethene (or ethylene, 
C2H4), and ethane (C2H6) are measured with maximum mole fractions of 4.4×10-3, 7.1×10-3, 
and 3.0×10-3 in the fuel-rich flame, respectively (Fig. 2). 
 Among C3 hydrocarbon intermediates (Figs. 3 and S2), the mole fraction of C3H4 is the 
largest with maximum values of 3.8×10-3 and 2.5×10-3 in the fuel-rich and stoichiometric 
flame, respectively. This trend was also found in the furan [29] and the MF flames [30]. In the 
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stoichiometric flame, the most abundant C4 species is C4H6 (maximum mole fraction of 
2.4×10-3, Fig. S2), and it is C4H2 in the fuel-rich flame (maximum mole fraction of 4.2×10-3, 
Fig. 3). While the mole fraction of most C4 hydrocarbon intermediates are enhanced by in-
creasing equivalence ratio, that of C4H8 decreases. C4H8 reaches its maximum at 3 mm with 
mole fractions of 6.7×10-4 (?=1.0) and 4.1×10-4 (?=1.7). C5H6 and C6H6 are the most abundant 
species of the C5 and C6 hydrocarbon intermediates with maximum mole fractions of 2.5×10-3 
and 1.0×10-3 in the fuel-rich flame (Fig. 4). For oxygenated intermediates (Figs. 5, 6, S4, and 
S5), CH2O (formaldehyde) and C5H6O (methylfuran) are detected with a large mole fraction of 
~3.0×10-3 and ~2.5×10-3. C6H6O (phenol) is also an abundant intermediate with a mole fraction 
of up to ~1.0×10-3. 
 The composition of isomers is an interesting feature in the comparison of the present DMF 
flames (Table 3 and Figs. 7 and 8) and those obtained in the furan (Table 4 in Ref. [29]) and 
MF (Table 3 in Ref. [30]) flames. For example, similarities exist with propyne as the dominant 
isomer of C3H4 (propyne and allene); C4H6, C4H8, and C5H10 are predominantly 1,2-butadiene, 
1-butene, and 2-pentene in all these flames and C5H6 and C2H4O are mostly 1,3-
cyclopentadiene and acetaldehyde, again for all three fuels. However, the composition of 
C4H6O measured in the DMF flames (where 2-butenone is the most abundant isomer) is similar 
to that found in the MF flames [30], but different to that obtained in the furan flames [29], 
where 2-butenal is the most abundant one. Also, the composition of C4H8O obtained in the 
DMF flames is different to that found in both furan and MF flames. In the furan [29] and MF 
[30] flames, isobutanal and 2-butanone were measured as the two isomers of C4H8O, with the 
largest mole fraction for isobutanal, while isobutanal was not detected in the DMF flames.  
In comparison with the species identifications in the work of Wu et al. [20], some species 
were similarly identified by both studies, such as propyne (pC3H4), allene (C3H4), 1-butene-3-
yne (vinylacetylene, C4H4), 1,3-cyclopentadiene (C5H6), benzene (C6H6), acetaldehyde 
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(C2H4O), furan (C4H4O), and 2-methylfuran (C5H6O). However, some identifications are dif-
ferent, especially for some oxygenated species. For example, C2H6O was identified as dimethy-
lether in the present work, whereas it was not detected in the study by Wu el al. [20]. Also, the 
composition of C4H6O includes 2-butenone, 2-butenal, and 2,3-dihydrofuran in this study, 
whereas C4H6O was identified by Wu et al. [20] as 2,5-dihydrofuran and ethenyl oxirane. Fur-
thermore, C4H8O is seen to be 2-butanone and isobutanal in this work, whereas it was detected 
as tetrahydrofuran by Wu et al. [20]. As another example, C5H8O was identified here as 3-
pentene-2-one, but in Ref. [20] it was detected as 2,5-dihydro-2-methylfuran. This highlights 
the advantage of using independent methods for species identification, as was done here. Also, 
C4H8 and C5H8 which were not observed in the study by Wu et al. [20], were detected in the 
present work. Note that an overall good agreement between GC and EI-MBMS measurement 
in the present work was observed for all these species (except for C4H6O with a disagreement 
by about a factor of 4 which is higher than the error limit of the calibration method for this spe-
cies). However, the complex composition of the signal (for isomers) and the respective calibra-
tion in this case may increase the acceptable error tolerance here. In the GC measurement, 
three other cyclic compounds including styrene (C8H8), ethyl benzene (C8H10), and 2-ethyl-5-
methyl furan (C7H10O) were also detected. Other species, for which the nominal mass is higher 
than that of DMF (m/z=96), were detected but not quantified in the EI-MBMS measurement 
because the signal intensities were too small. 
 
3. Kinetic modeling 
Kinetic modeling of the premixed flat laminar DMF flames was performed using the CHEM-
KIN package with the PREMIX code [35]. The kinetic reaction mechanism used here with 305 
species and 1472 reactions is an extended version of that proposed for the oxidation of DMF 
[28]. Because preliminary tests demonstrated that the set of furan and MF sub-mechanisms in 
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Ref. [28] was not able to accurately reproduce the new set of furan and methylfuran experi-
ments, the original mechanism scheme was revised to provide better agreement with furan [29] 
and methylfuran data [30]. However for DMF, the sub-mechanism of Ref. [28] was adopted 
without any change. The model is built in a hierarchical and systematic way. It includes: (i) 
unimolecular initiations by breaking of a C-C or C-H bond in the lateral methyl groups, by H-
atom or CH3 transfer, and by ring opening at the C-O bond; (ii) bimolecular initiation with O2 
or bimolecular initiation between two molecules of DMF; (iii) propagation reactions by H-
abstractions from the methyl groups and the furan ring and by H-addition and OH-addition on 
double bonds; and (iv) the subsequent decomposition of the formed products. In the present 
work, low-pressure coefficients were used in the case of pressure-dependent rate coefficients. It 
is important to note that the high-pressure rate coefficients of Sirjean et al. [28] need to be used 
for simulation of data under high-pressure conditions. 
 The mechanism, thermodynamic and transport data are available in CHEMKIN format in 
the Supplemental Material of Part I [29]. 
 
4. Comparison between experimental and simulated results 
4.1. Major species 
Major species mole fraction profiles are presented in Fig. 1 together with the respective per-
turbed temperature profiles (broken lines) which were used as input parameters for the model. 
It is worth noticing that no shifts were applied between profiles from experiment and simula-
tions. In general, the profiles of major species shown in Fig. 1, including DMF, O2, H2, CO, 
CO2, and H2O, are well predicted by the model. This agreement is satisfactory for the profile 
shape as well as for the mole fraction values. Note that small discrepancies between prediction 
and experiment are observed for the mole fraction values for the H2O profile (~12%) in the 
10 
 
stoichiometric flame and for the CO2 profile (~15%) in the fuel-rich flame beyond 6 mm; but 
this is within the experimental error range. 
4.2. Intermediate species 
The experimental profiles of the intermediate species and the respective simulation will be dis-
cussed for both equivalence ratios, ?=1.0 and 1.7. The figures for ?=1.7 are presented here, the 
analogous figures for the stoichiometric flames can be found in the Supplemental Material. 
 Figures 2-4 and S1-S3 display a comparison between experimental and simulated data for 
hydrocarbon intermediates in the two DMF flames. Overall, the agreement between prediction 
and experiment is quite good. However, the simulation for some species is not as satisfactory 
and needs further discussion. 
 The model tends to overpredict the maximum mole fractions of the radicals CH3 and C2H5 
by a factor of 3-4 and underpredicts that of C3H5 by a factor of ~1.5 (Figs. 2-3 and S1-S2). The 
mole fraction profile of C3H5 is the sum of the allyl (C3H5-Y), 1-methyl vinyl (C3H5-T), and 
2-methyl vinyl (C3H5-s) radicals. In the EI-MBMS experiment, the calibration factors for the 
three radicals CH3, C2H5, and C3H5 are determined by RICS from CH4, C2H6, and C3H6, re-
spectively (Table 2). The typical error of this calibration method can be up to a factor of 2-4 for 
radicals. Therefore, the agreement can be considered as still within the expected experimental 
uncertainties for these radicals. 
 The isomers allene (aC3H4) and propyne (pC3H4) are not distinguishable in the EI-MBMS 
experiment but can be separated in the GC analysis. Therefore, EI-MBMS provides the sum of 
both isomers. A discrepancy of about a factor of 2.5 between prediction and EI-MBMS expe-
riment is observed for the mole fraction value of C3H4 (Figs. 3 and S2), while simulation and 
the GC measurement are in better agreement. The ratio between propyne and allene is ~1.87 
for the simulation and ~1.97 in the GC measurement as shown in Table 3. 
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 Diacetylene (C4H2) is well predicted in the stoichiometric flame (Fig. S2), but underpre-
dicted by about a factor of 2 in the fuel-rich flame (Fig. 3). Trends in the furan [29] and MF 
[30] flames are slightly different. The formation of vinylacetylene (C4H4) was predicted rea-
sonably well by the model in the furan and MF flames [29,30], whereas it is underpredicted by 
about a factor of 4 in the DMF flames (Figs. 3 and S2). In the fuel-rich flame, a good agree-
ment between EI-MBMS and GC measurements is observed for the maximum mole fraction of 
C4H4 (see Table 3). The lower amount of C4H4 in the simulation could result from the uncer-
tainty in the fall-off coefficients for the unimolecular initiation reaction (R30) in the following 
reaction pathway: 
O CH3CH3
(DMF)
C
O
CH3CHCCH
CH3
(M4C6H8O)
C
CHCH
CH3
(C4H5-1s)
C
CHCH
CH2
(C4H4)
-H-CH3CO (+M)
(R30)
 
Sirjean et al. [28] showed that this reaction pathway is the main decomposition channel leading 
to the formation of C4H4 under the DMF pyrolysis conditions of Lifshitz et al. [19] at pressures 
>1 bar. Furthermore, the mole fraction of C4H4 was well predicted in [28] for the DMF pyroly-
sis results of Lifshitz et al. [19]. As discussed by Sirjean and Fournet [26], reaction (R30) de-
pends strongly on pressure, especially below 1 bar, but its Troe coefficients were adapted from 
the calculations of Klippenstein et al. [36] for the reaction toluene→phenyl+CH3. For pressures 
below 1 bar, the uncertainty in these parameters for reaction (R30) was estimated to be at least 
a factor of 3 [26], which could contribute to the underprediction of the C4H4 formation in the 
present low-pressure flames. Further experimental and theoretical studies will be necessary to 
establish more accurate pressure-dependent branching ratios. Moreover, the discrepancy be-
tween the experimental and simulated mole fraction of C4H4 could also result from the reaction 
database. Indeed, several reactions involving the formation of C4H4 from unsaturated species 
(such as from aC3H4, pC3H4 via the formation of C3H3, or from 1,3-C4H6 via the formation of 
C4H5) are considered in the reaction base but some of them are still unsatisfactorily described. 
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 The C4H8 mole fraction is predicted in excellent agreement for the stoichiometric flame 
(Fig. S2) and reasonably well in the fuel-rich flame (Fig. 3). GC analysis reveals the composi-
tion to be mainly 2-butene with a lower mole fraction of 1-butene (Fig. 7), with MBMS and 
GC results in quite good agreement for the global mole fraction; the simulation predicts a 
slightly different partition of these two isomers, with almost similar contributions of the two 
butane isomers. The second peak seen in the MBMS measurements is probably an experimen-
tal artifact. 
 Mole fractions of C5H8 are in good agreement for the fuel-rich flame (Fig. 4) and underpre-
dicted by about a factor of 2 in the stoichiometric flame (Fig. S3). The isomer composition 
from the GC experiment is reported in Fig. 8 (and Table 3) and includes isoprene, 2-pentyne, 
and 1,3-pentadiene. The latter is the dominant isomer in the measurements, while the model 
predicts the highest contribution to be 2-pentyne. This composition is somewhat different from 
that in the fuel-rich MF flame [30] where isoprene plays a similarly important role as 1,3-
pentadiene in the measurements and in the simulation. 
 The mole fraction of C5H10 which is the sum of 2-pentene, 3-methyl-1-butene, and 
1-pentene is quite well predicted by the model in the stoichiometric DMF flame (Fig. S3), but 
overpredicted by a factor of 3.5 in the fuel-rich flame (Fig. 4). In EI-MBMS, C5H10 is cali-
brated as 2-pentene, since this species is the most abundant one of the three isomers of C5H10 
detected by GC (Table 3). As shown in Table 3, in the fuel-rich flame the mole fraction of 
C5H10 quantified by EI-MBMS is lower than that quantified by GC (by about a factor of 5) 
which is close to the simulated peak of C5H10. The uncertainty in the EI-MBMS data evalua-
tion for C5H10 in the fuel-rich DMF flame could explain this disagreement of C5H10 profile.  
 Figures 5, 6, S4, and S5 display a comparison between experimental and simulated data for 
some selected oxygenated intermediates in the two DMF flames (?=1.0 and 1.7). These figures 
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show that the mole fraction profiles of CH2O, C2H2O, C2H6O, C3H6O, C4H4O, C5H6O, and 
C6H6O are reproduced reasonably well by the model within the experimental error limits. 
 As shown in Table 3, good agreement between EI-MBMS and GC measurements is ob-
served for the maximum mole fraction of C2H4O (mostly acetaldehyde, CH3CHO), but it is 
overpredicted by the model, especially in the stoichiometric flame. According to the rate of 
production (ROP) analysis, CH3CHO is mainly formed by OH-addition to DMF 
(DMF+OH→CH3CO+CH3CHO+C2H2). In the absence of literature reports for this quite com-
plex elementary reaction, as discussed in Ref. [28], this process has been taken into account 
assuming that it leads ultimately to the formation of the CH3CO radical, acetaldehyde, and ace-
tylene. The rate coefficient of this reaction has been considered to be similar to that of fu-
ran+OH, measured by Atkinson and Arey [37] at the high-pressure limit. The uncertainty in the 
rate coefficient of this reaction could result in the overprediction of the CH3CHO formation at 
low pressure. 
 The formation of C3H4O and C4H6O is also underpredicted by the model. Note that, in the 
EI-MBMS experiment data, C4H6O is calibrated as 2-butenone, since this species is the most 
abundant one of the three isomers of C4H6O, namely 2-butenone, 2-butenal, and 
2,3-dihydrofuran detected by GC (Table 3). As 2-butenone and 2-butenal were not included in 
the model, this may explain the underprediction of the C4H6O profile. 
 To investigate the effect of the addition/revision of reactions in the furan and MF sub-
mechanisms on the overall simulation results of DMF, the previous DMF model of Sirjean et 
al. [28] (switched to low-pressure rate coefficients) was also used to simulate the present data 
and then compared to the present model. The results show that, overall, there is not much dif-
ference between both simulations (see the species in Fig. S6 in the Supplemental Material as 
examples). Differences are found only for a few species, always by less than a factor of two. 
Indeed, by the effect of added/revised reaction pathways, with the present model the simulated 
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mole fractions of MF (C5H6O) and furan (C4H4O) decrease by factors of ?1.2-1.7, that of 
acrolein (C3H4O) decreases slightly, while those of C2H4, C3H5, C3H6, and C4H4 increase by 
factors of 1.3-1.5, and those of C4H6, CH2O, and C3H6O increase slightly. Note that the 
changes concerning most of these species tend to improve the simulated profiles. The profiles 
of other species remain almost unchanged. 
 The present model was successfully validated against experimental low-pressure flame data. 
However, it can be noted that uncertainties in rate coefficients may impact the overall simula-
tion results; this holds especially for those of the most sensitive reactions. A full quantification 
of uncertainties in the simulations is beyond the scope of this work. Sensitivity analyses for the 
conversion of the fuels (DMF, MF, and furan) and for the formation of the most important pol-
lutants (Table 5) should point out which reaction rate uncertainties should be further reduced to 
improve the overall speciation modeling. In the model, rate coefficients were determined using 
three methods: theoretical calculations, estimations, and review of the literature. The uncertain-
ties in rate coefficients are less than a factor of three for the first category (theoretical calcula-
tion), but larger for the second category (estimation). For the third category (review of the lite-
rature), uncertainties depend on the specific method used to determine rate coefficients ineach 
work, and the references could be consulted directly for each reaction. Note that the rate coef-
ficients of most reactions of DMF which are presented in the reaction rate analyses have been 
theoretically calculated [25], while those of the reactions of MF have been estimated by analo-
gies with DMF and furan reactions [28,30]. Uncertainties in rate coefficients of some other 
specific reactions and their effects on the formation of intermediates, for instance the absence 
of information for O- and OOH-additions to furanic fuels, and of OH-addition to MF, have 
been analyzed in the discussion sections of the three papers. 
5. Reaction pathways of DMF combustion 
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The simulated main flows of consumption of DMF under flame conditions, based on the ROP 
analysis of the present model, are shown in Fig. 9 for the fuel-rich flame at h=3.1 mm from the 
burner, corresponding to a temperature of 1101 K and a simulated conversion of DMF of 73%. 
Please note that the structures for all species discussed in this section can be found in Table 4. 
 For these conditions, the most important channel of consumption of DMF (~42%) is 
H-abstraction by H, OH, O, and CH3 from the methyl group to yield the resonance-stabilized 
5-methyl-2-furanylmethyl radical (R1C6H7O). The dominant pathway of DMF consumption 
starting from this radical yields the stable products 1,3-cyclopentadiene and phenol which are 
well predicted; see the more detailed analysis below. Figure 10 shows that the C-H bond ener-
gy in the methyl group of the DMF molecule is much lower than that of the C-H bond in the 
furan ring and that of C2-C6 (or C5-C7) bonds. A second important channel of consumption of 
DMF is the ipso-addition yielding MF (C5H6O) and CH3 (~30%). About 21% of DMF is con-
sumed by H-addition at the C2 position of DMF; this is followed by the rearrangements of the 
initial stabilized adduct which then ultimately yields 1,3-butadiene (1,3-C4H6) and the acetyl 
radical (CH3CO); the latter decomposes mainly into CO and CH3 (~95%) or reacts with CH3 to 
form ketene (C2H2O) and CH4 (~4%). The C4H6 profile is well reproduced by the model (Figs. 
3 and S2). A minor channel of consumption of DMF is OH-addition to the C2 position of DMF 
to form acetaldehyde (CH3CHO), acetylene (C2H2), and the CH3CO radical. The contribution 
of other channels to the consumption of DMF under these conditions is very small (<1%). 
 MF (C5H6O) reacts via several pathways, as discussed in the respective section of Part II 
[30] of this series. In short, the ipso-addition yields furan (C4H4O) and the CH3 radical; H-
addition to MF yields the but-1-en-1-yl radical (C4H7-V, CH3─CH2─CH=CH) and CO or 
1,3-butadiene (1,3-C4H6) and CHO; H-abstractions from the methyl group of MF result in the 
resonance-stabilized 2-furylmethyl radical (furylCH2); H-abstraction from the furan ring pro-
duces the 2-methylfuran-5-yl radical (M5F-2yl). MF is an important primary product in the 
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DMF reaction. Thus, the revision in the MF sub-mechanism, described in Part II [30], plays an 
important role for the DMF simulation. The MF profile is quite well predicted by the model 
(Figs. 6 and S5). 
 The ring opening of the stabilized R1C6H7O radical involves the formation of the R2C6H7O 
radical, followed by an internal H-atom transfer to form the R3C6H7O radical. The R3C6H7O 
radical then reacts mainly by C6 ring enlargement to form the R4C6H7O radical. A minor chan-
nel of consumption of R3C6H7O is a C3 ring closure leading to the R5C6H7O radical. This 
R5C6H7O radical opens by β-scission of the C-C bond of the ring followed by a CO- elimina-
tion to produce the stabilized C5H7Y radical which forms the cyclopent-2-en-1-yl radical 
(C5H7#Y) by ring closure or 1,3-pentadiene (1,3-C5H8) by recombination with an H-atom.  
 For the R4C6H7O radical, β-scission of the C-H bond or reaction with an H-atom are impor-
tant channels and lead to the formation of cyclohexa-2,4-dien-1-one (M2C6H6O) which then 
converts into cyclohexa-2,5-dien-1-one (M3C6H6O) via the formation of a biradical 
(B1C6H6O) or into phenol (C6H6O), either directly or via the formation of the phenoxy radical 
(C6H5O#). Two other pathways of consumption of the R4C6H7O radical are a ring opening 
leading to R9C6H7O which, in turn, reacts by CO-elimination to form the C5H7#Y radical and 
an internal H-atom shift leading to the production of the R6C6H7O radical.  
 The ring opening of the R6C6H7O radical followed by a CO-elimination leads to the forma-
tion of the penta-1,4-dien-1-yl radical (C5H7-1s). This C5H7-1s radical can decompose into 
C2H2 and the allyl radical (C3H5-Y) by ?-scission of the C-C bond, but most of it is consumed 
by ring closure to form the cyclopent-3-en-1-yl radical (C5H7#) which then reacts by isomeri-
zation to form the C5H7#Y radical or decomposes into 1,3-cyclopentadiene (1,3-C5H6) and an 
H-atom. The R6C6H7O radical leads also to M2C6H6O or M3C6H6O by ?-scission of the C-H 
bond.  
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 M3C6H6O, formed from R6H7O or M2C6H6O, is consumed mainly by H-abstractions to 
form the phenoxy radical (C6H5O#). This latter converts to phenol by reacting with an H-atom, 
to 1,3-C5H6, or to the cyclopentadienyl radical (C5H5#) via the formation of a bicyclic radical 
followed by a CO-elimination. 
 This analysis explains why 1,3-cyclopentadiene and phenol were detected with substantially 
higher mole fractions (by a factor of 10-30 for 1,3-cyclopentadiene and of 20-100 for phenol; 
see Table S1 in the Supplemental Material) compared to those in the furan and MF flames. The 
formation of these two species is well predicted by the model (Figs. 4, 6, S3, and S5). Both 
species may serve as benzene precursors and could thus explain the extraordinarily high con-
centration of benzene detected in this flame.   
 In addition, it is worthwhile discussing the reaction pathways for the formation of some se-
lected species that are not shown in Fig. 9. 
 An important part of ethene (or ethylene, C2H4), which is well predicted by the model (Figs. 
2 and S1), is formed from the following reaction pathway starting from MF which is a primary 
product of the decomposition of DMF:  
CH
CHCH2
CH3
(C4H7-v)
-CO CH
CH2CH2
CH2
(C4H7-1)
O CH3
(MF)
C2H4 C2H3+
 
 Ethane (C2H6) is produced by a combination of two CH3 radicals and consumed mainly by 
H-abstractions which yield the C2H5 radical. The combination of the C2H3 and CH3 radicals 
and that of the allyl radical (C3H5-Y) with an H-atom are involved in the formation of propene 
(C3H6). Diacetylene (1,3-butadiyne, C4H2) is mainly produced by the reaction 
C2H2+C2H=C4H2+H, and mainly consumed by the reaction with an OH radical to form CHO 
and the C3H2 radical (C4H2+OH=CHO+C3H2).  
 1-butene (1-C4H8), which is the most abundant of the two isomers of C4H8 detected by GC 
(see Table 3), is formed by the combination of the C3H5-Y and CH3 radicals 
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(C3H5-Y+CH3=1-C4H8), as well as of an H-atom and the C4H7-Y radical (CH2=CH─CH-CH3). 
Note that C4H7-Y is obtained mainly by H-addition on 1,3-C4H6 which is a primary product of 
the decomposition of DMF (Fig. 9). The C4H8 profile is well predicted by the model (Figs. 3 
and S2). C6H2 is formed from the reaction of C4H2 and the C2H radical. Dimethyl ether 
(C2H6O) results from a combination of the CH3O and CH3 radicals, and is mainly consumed by 
H-abstractions. Propanal and acetone (C3H6O) are mainly formed by the reactions 
CH3+CH2CHO and CH3+CH3CO, respectively. As seen in Fig. 9, the CH3CO radical is a pri-
mary product of the DMF decomposition by H- and OH-addition to DMF. The model well 
predicts the C3H6O profiles (Figs. 5 and S4). 
 The reaction pathways were also analyzed in the stoichiometric DMF flame and the same 
reactions are involved in the consumption of DMF with small differences in their respective 
importance. Indeed, when the equivalence ratio decreases, the importance of reactions involv-
ing oxygenated reactants, i.e. O-atoms, OH radicals, is somewhat enhanced.  
 
6. Comparison of mole fraction profiles of potential pollutants 
6.1. Comparison of the DMF flame with MF and furan flames 
This paper is the third and last part of an experimental and numerical investigation of the com-
bustion chemistry of premixed laminar flames of furan [29], 2-methylfuran [30], and 
2,5-dimethylfuran (present work). It is interesting to compare the combustion of these three 
fuels regarding the mole fractions of products formed in the flames of these fuels burnt under 
similar conditions. 
 In general, the major species profiles for the three fuels are relatively similar regarding fuel 
consumption and main products (H2, CO, CO2, and H2O), with the different stand-off distances 
reflecting the differences in flame speed. The detailed reaction pathways, however, depend on 
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the different fuel structures. In a comparison between the three fuels, intermediate species pro-
files and maximum mole fractions show some fuel specificity. Differences in the observed in-
termediates and in the measured maximum amounts merit further discussion. A summary of 
experimental results is given in Table S1 (Supplemental Material) that reports the maximum 
mole fractions of all measured intermediate species in the six flames of the three fuels. 
 Before discussing the differences in the formation of some specific intermediates between 
the three fuels, the influence of the structure of these fuels, presented in Fig. 10, should be tak-
en into account. Bond dissociation energies (BDE) were deduced from the thermochemical 
data which have been used in the model and estimated by ab initio calculations performed at 
the CBS-QB3 level [38] implemented in the Gaussian 09 program suite [39]. Figure 10 shows 
that the BDE of C-H bonds of the methyl groups in MF and DMF (85.3 and 84.8 kcal mol-1, 
respectively) are much lower than those of the ring-carbon-CH3 bonds (~112.9-113.4 kcal mol-
1) in MF and DMF, and those of the ring-carbon-H bonds (~119.3-119.6 kcal mol-1) in the 
three fuel molecules. Therefore, the contribution of H-abstractions in fuel consumption is en-
hanced when going from furan to DMF. The BDE of the C-H bond in the methyl group of MF 
is 85.3 kcal mol-1, which is in good agreement with that of 86.2±1.2 kcal mol-1, theoretically 
calculated by Simmie and Curran [40] and with 86.4±2 kcal mol-1 estimated by Stein from very 
low pressure pyrolysis experiments [41]. Similarly, the C-H bond dissociation energy of 84.8 
kcal mol-1 in the methyl group of DMF is in excellent agreement with that of 85.5±1.4 kcal 
mol-1, calculated by Simmie and Curran [40]. A good agreement between our calculation and 
that of Simmie and Curran [40] can be also observed for other BDEs in the fuels. 
 CO is a primary product in the decomposition of all three fuels, as shown in Fig. 9 and in 
Figs. 12 of Part I [29] and Part II [30], but at a distance higher than 4 mm above the burner, 
most of CO is formed from several oxidation reactions of C1-C2 species in the reaction base. 
Therefore, a comparison of primary production of CO in the three flames must be done in the 
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early stage of reaction, below 4 mm above the burner. The distribution of the combustion 
products of each fuel is strongly related to the ability of a given molecule, i.e., furan, MF and 
DMF, to easily eliminate CO via its initial radicals in the flame. While furan and MF feature 
hydrogen atom(s) in position 2 and 5, and position 5, respectively, allowing the elimination of 
CO in a few elementary reactions, the presence of two methyl groups in DMF forbids any easy 
CO-elimination. The comparison of the mole fraction profiles of CO in Fig. 11 and in Fig. S7 
(provided in the Supplemental Material) for the three different fuels is a good illustration of 
this structure-driven behavior, with the observed mole fraction of CO close to the burner fol-
lowing the order CO(furan)>CO(MF)>CO(DMF). 
 C2H2 is also a primary product in the decomposition of all three fuels. The profiles of C2H2 
display a marked maximum at a distance above the burner where several reactions in the reac-
tion base contribute for a large part to the formation of C2H2. An ROP analysis in the early 
stage of reaction, below 3 mm above the burner, shows the following characteristics: In the 
furan flame most of C2H2 comes from the direct consumption pathway of fuel (mostly by H-
addition on C2 or C5 positions), while in the MF flame, excluding the direct consumption 
pathway of fuel, about 50% of C2H2 is formed via the formation of furan. Similarly, in the 
DMF flame, about 50% of C2H2 is obtained through the formation of MF and furan. This re-
quirement of a pathway through formation of stable molecules lowers the formation of C2H2 in 
the DMF flames compared to MF and furan combustion. As seen in Fig. 11, the experimental 
and computed mole fraction of acetylene (C2H2), in the early stage of reaction, is the largest in 
the furan flame, followed by those in the MF and DMF flames. Note that a slight lower maxi-
mum value of computed C2H2 profile in the furan flame could result from probable uncertain-
ties in the rate constants of some reactions (yielding C2H2) in the reaction base or from the ef-
fect of uncertainties in the temperature measurement.  
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 The mole fraction profiles of C2H6 are directly related to the mole fractions of methyl radi-
cals released in the system (mostly by ipso-reactions for methylated furans) and C2H6 forma-
tion is therefore also dependent on the fuel structure. In the case of furan, the methyl radical is 
mostly produced subsequently to the CO-elimination after the ring opening of the dihydro-
furyl-3 radical. Thus, the mole fraction of C2H6 (Fig. 11) follows the sequence 
C2H6(DMF)>C2H6(MF)>C2H6(furan). 
 The 1,3-butadiene (1,3-C4H6) formation in MF and DMF comes from a competitive decom-
position route to the ipso-elimination (leading to furan+CH3 and MF+CH3, respectively). 1,3-
C4H6 is mainly formed by the addition of H-atoms to MF and DMF, while the lack of the me-
thyl group in furan favors the CO-elimination via the H-additions; the mole fractions are con-
sistently noted (Fig. 11) to follow the sequence 1,3-C4H6(DMF)>1,3-C4H6(MF)>1,3-C4H6(furan). 
 Figure 11 shows that the mole fraction of ketene (C2H2O) in the DMF flame is the largest, 
followed by those in the MF and furan flames. The ketene formation for the DMF fuel is also 
related to the presence of the methyl groups bound to the C2 and C5 positions, compared to the 
H-atom available in furan and MF (in position 5), see Fig. 10. Indeed, in the DMF flame, ke-
tene is mainly formed by the reaction of the CH3 and CH3CO radicals 
(CH3CO+CH3=C2H2O+CH4) which are produced directly from the DMF decomposition (see 
flow-rate analysis in Fig. 9), while this reaction plays a minor role for the ketene formation in 
the furan and MF flames. 
 Carbonyl compounds including formaldehyde, acetaldehyde, propenal, propanal and others 
were also measured in the flames of the three fuels. Formaldehyde (CH2O) was the most abun-
dant one. These aldehydes were detected with a lower mole fraction in the DMF flame than in 
the furan and MF flames (see Table S1) and Fig. 11 for propenal (acrolein, C3H4O). 
 As well known, cyclic species, e.g. 1,3-cyclopentadiene, benzene, toluene, and phenol play 
an important role in the polycyclic aromatic hydrocarbon (PAH) formation followed by soot 
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production. These species were measured with much higher mole fractions in the DMF flames 
compared to those in the furan [29] and MF flames [30], especially for 1,3-cyclopentadiene (by 
a factor of 10-30) and phenol (by a factor of 20-100), as seen in Fig.12 and in Table S1. In the 
fuel-rich flame, the maximum mole fractions of 1,3-cyclopentadiene, benzene, and phenol are 
2.5×10-3, 1.0×10-3, and 9.1×10-4, respectively, compared to 2.0×10-4, 2.8×10-4, and 3.4×10-5 in 
the MF flame [30], and to 1.0×10-4, 1.3×10-4, and 1.0×10-5 in the furan flame [29]. The struc-
ture of DMF versus that of MF and furan is a leading factor for this observed difference in 
mole fractions. For DMF, the loss of CO and an H-atom will ultimately lead to 1,3-C5H6 and 
the simulations for the DMF flames show that 1,3-C5H6 is a product of the most important 
reaction channels. Furan with only four carbon atoms should form 1,3-C5H6 from build-up 
reactions. Also, the MF reaction flow analysis in [30] does not show this compound as a major 
product obtained directly from the fuel. Again, the presence of the methyl groups in position 2 
and 5 in DMF (Fig. 10) forbids any primary channels leading to an easy elimination of CO. 
Therefore, several subsequent rearrangements are necessary before the fuel can break into 
smaller fragments. In the case of DMF, CO is ultimately eliminated after the formation of R5-, 
R-7, and R9-C6H7O with the formation of C5H7 radicals. However, a large part of the simulated 
1,3-C5H6 mole fraction results from the decomposition of phenol and the cyclohexadienones 
(M2C6H6O and M3C6H6O) which are the major primary precursor molecules.  
 The combination of two resonance-stabilized propargyl radicals (C3H3) yields benzene or an 
H-atom and the phenyl radical (C6H5). The latter then combines with an H-atom to form ben-
zene. Benzene can also be formed from the C4H4+C2H3 reaction. These reaction pathways are 
the principal pathways of benzene formation in furan [29] and MF [30] flames, while in the 
DMF flames, the reaction of phenol with an H-atom (C6H6O+H=C6H6+OH) contributes addi-
tionally for a large part (>60%) to the formation of benzene. Therefore, benzene is detected 
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with the largest mole fraction in the DMF flames in comparison to furan and MF flames, as 
shown in Fig. 12. 
 Toluene (not shown in Fig.12) is mainly formed from the combination of the methyl (CH3) 
and phenyl (C6H5) radicals which can be formed from the combination of two C3H3 radicals 
but also from H-abstractions from benzene. As discussed above, benzene is formed with a larg-
er mole fraction in the DMF flames, therefore toluene exhibits a similar trend.  
 The above comparison shows that the combustion of DMF has a higher ability to form soot 
precursors (e.g. 1,3-cyclopentadiene or benzene), compared to that of furan and MF. Note that 
Djokic et al. [42] also recently pointed out the high tendency of DMF to form large amounts of 
soot precursors from their experimental study of the thermal decomposition of DMF.  
6.2. Comparison of the three fuels with selected others 
It is also thought to be very interesting to compare fuel-rich flames of these furanic fuels with 
those of some selected fuels in the literature regarding the formation of potential pollutants. In 
addition to the flames studied in this series, flames of n-butane [32], 1-butene [43], cyclohex-
ane [44], dimethylether [45], ethanol [8], 1-butanol [31], and methyl propanoate [46] are con-
sidered for this discussion. All these studies have been performed under premixed low-pressure 
flame conditions using the same analytical technique (MBMS) as the present study. Flame 
conditions are not exactly the same for all these studies, but approximately comparable. There-
fore, it is possible to compare the order of magnitude of the amount of some compounds. Note 
that for the ethanol flame, the comparison is performed at an equivalence ratio of 2.57, which 
is much higher than that for other flames; therefore, the stoichiometric flame condition is also 
presented for this fuel.  
Special emphasis is placed on soot precursors including acetylene, propargyl radical, 1,3-
butadiene, 1,3-cyclopentadiene, and benzene, and on oxygenates including formaldehyde, me-
thanol, acetaldehyde, acrolein and phenol, which may limit the use of biofuels in terms of air 
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quality improvement. Therefore, it is important to provide information on these compounds 
which are undesired and harmful products. This comparison is illustrated in Table 5, where 
maximum mole fractions of three selected species are reported which were formed under ap-
proximately comparable flame conditions. The bold values highlight the highest concentration 
that was obtained for each pollutant. Based on these experimental data, some interesting trends 
were observed.  
The mole fraction of acetylene produced in the furanic fuel flames is quite comparable to 
that detected in the flames of the C4-C5-hydrocarbon fuels n-butane, 1-butene, and cyclohex-
ane, as well as to that in the 1-butanol flame (~3-4×10-2), while the mole fraction of ethene 
measured in the furanic fuel flames (~7-8×10-3) is lower than that measured in C4-C5 fuel 
flames (~2-3×10-2), but similar to that detected in the flames of the C2-oxygenated fuels dime-
thylether and ethanol. The propargyl radical was detected with a much larger mole fraction in 
the 1-butene and cyclohexane flames of ~1.0-1.6×10-3, compared to those for the flames of 
furanic fuels, n-butane, ethanol, 1-butanol, and methyl propanoate of ~1-6×10-4. The largest 
mole fractions of 1,3-butadiene were observed with about (0.9-1.3)×10-2 in the 1-butene and 
cyclohexane flames, followed by those in the MF and DMF flames of ~2.0-2.7×10-3, which is 
much higher than those for other fuels where it is less than 8×10-4. As presented in Section 6.1 
of the present paper and in Refs. [43,44], 1,3-butadiene is an important primary product of the 
combustion of 1-butene, cyclohexane, MF, and DMF. 
 The highest mole fractions of 1,3-cyclopentadiene and benzene were detected in the DMF 
flame (~2.5×10-3 and 1.0×10-3, respectively), while mole fractions of these species detected in 
the furan and MF flames were quite comparable to those in the 1-butene and n-butane flames. 
The lowest mole fractions of these soot precursors were observed in the ethanol and 1-butanol 
flames. 
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 For potentially harmful oxygenated species, the highest formaldehyde mole fraction of 
2.1×10-2 was detected in the dimethylether flame. As presented in [45], formaldehyde is an 
important primary product of the fuel consumption pathways in the dimethylether flame. In-
deed, by H-abstraction, dimethylether is mainly consumed to form the methoxymethyl radical 
(CH3OCH2) which then decomposes by β-scission as the principal source of formaldehyde and 
the methyl radical. The highest acetaldehyde values of 1.7×10-2 were measured in the 1-butanol 
flame, followed by that in the ethanol flame. As discussed in [31], in the combustion of 
1-butanol, acetaldehyde might originate from ethenol (C2H3OH) which can be produced 
through an important pathway of consumption of the fuel, namely H-abstraction at the α-site of 
the 1-butanol molecule followed by β-scission of the C-C bond. In the case of the ethanol 
flame, acetaldehyde is reported to be a primary product of ethanol combustion. By 
H-abstraction from the α-site of the ethanol molecule, the CH3CHOH radical is produced and 
then quickly yields acetaldehyde by β-scission of the O-H bond or by oxidation [5,47]. The 
highest methanol concentrations of 2.3×10-3 were found in the methyl propanoate flame, the 
highest acrolein values of 2.5×10-3 in the furan flame, and the highest phenol values of 
6.3×10-4 in the DMF flame. The discussion about the formation of acrolein and phenol in the 
furanic fuel flames has been presented in Section 6.1. 
 On the whole, regarding the formation of pollutants for the different fuels reported in Table 
5, it is clear that there is no fuel which can be considered fully "clean" under these conditions. 
As expected, it is seen that most acyclic oxygenated fuels tend generally to produce lower 
amounts of soot precursors than hydrocarbon fuels; with oxygenated-unsaturated-cyclic com-
pounds such as furanic fuels, the potential of soot precursor formation is mostly close to that of 
hydrocarbon fuels. Moreover, the formation of 1,3-cyclopentadiene, benzene and phenol in the 
DMF flame is much higher. This unexpected trend is also predicted by the model in this series 
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([29,30] and the present work), and should be kept in mind before a further usage of furanics, 
especially DMF, as transportation fuels.  
 
7. Summary and conclusion 
In this work, experimental results for two premixed laminar flames of 2,5-dimethylfuran were 
presented as part of a series of three papers; the experiments were accompanied with simula-
tions using a single detailed kinetic mechanism which allowed to reproduce the combustion of 
furan and the alkylated furans 2-methylfuran, and 2,5-dimethylfuran. The identification and 
quantitative concentration measurement of about 60 species as a function of burner distance, 
including stable, radical, and isomeric species, has been made possible by a powerful combina-
tion of EI-MBMS and GC which provides insight into the specific combustion mechanisms for 
the three fuels. The overall agreement between experiments and simulations is quite satisfacto-
ry for major species and especially also for the primary fuel consumption products.  
 While it is the first time that a single kinetic model has been used to simulate the combus-
tion of these three potential alternative fuels, details in the combustion mechanism and in the 
measurements, including more precise rate coefficients as well as ionization energies for some 
of the important intermediates along the main combustion pathways leave ample room for im-
provement. 
 Considering first the comparison of the present results and those obtained for the combus-
tion of furan and 2-methylfuran, as well as for some other selected fuels previously studied 
under approximately conditions, the following observations can be drawn regarding the forma-
tion of potential pollutants: 
? Among all intermediate species measured for the three furanic fuels, the production of 
acetylene is the largest, especially in the flame of furan. 
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? The a priori surprising ability of DMF to form soot precursors (e.g. 1,3-
cyclopentadiene and benzene) compared to the less substituted furans and to other 
types of fuels (e.g. alkanes and alkenes) has been experimentally observed and is well 
explained in the model. 
? Carbonyl species including formaldehyde, acetaldehyde, acrolein (propenal), and pro-
panal were detected with a lower mole fraction in the DMF flames than in the furan 
and MF flames. Furanic fuels lead to lower amounts of saturated aldehydes than 1-
butanol, but to much more acrolein. 
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Table 1 
Flow conditions for dimethylfuran (DMF) flames; SLM: Standard liter per minute. 
# The flow velocity is referred to the temperature of the burner surface (cooling water). 
  
 
? 
Burner 
diameter 
(mm) 
Gas flow (SLM) 
Pressure 
(mbar) 
C/O 
ratio Dilution 
Flow ve-
locity at 
T=333 K# 
(cm s-1) 
 
DMF O2 Ar 
Bielefeld 1.0 64 0.27 2.01 2.28 20 0.38 50% 146 1.7 64 0.42 1.86 2.28 40 0.61 50% 73 
Nancy 1.7 60 0.37 1.63 2.00 40 0.61 50% 73 
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Table 3 
Comparison of maximum mole fractions (GC/MBMS/Model) for some intermediates in the 
DMF/O2/Ar flame, ?=1.7. 
Formula Species xmax 
(GC) 
xmax 
(Model) 
xmax 
(MBMS) 
C2H2 Acetylene 2.95E-02 3.02E-02 3.08E-02 
C2H6 Ethane 4.61E-03 4.76E-03 3.00E-03 
C3H4 Propyne 1.48E-03 1.01E-03 3.79E-03 
Allene 0.75E-03 0.54E-03 
C3H6 Propene 1.11E-03 5.75E-04 9.20E-04 
C4H4 1-Butene-3-yne 4.30E-03 1.11E-03 3.59E-03 
C4H6 
 
1,3-Butadiene 3.03E-03 3.35E-03 
2.72E-03 1,2-Butadiene 2.07E-04 1.36E-04 
2-Butyne 8.82E-05 8.16E-05 
C4H8 1-Butene 5.00E-04 1.22E-04 4.09E-04 
2-Butene 9.09E-05 14.7E-05 
C5H6 1,3-Cyclopentadiene 5.02E-03 2.34E-03 2.50E-03 
1-Pentene-3-yne 1.18E-04 a 
C5H8 
1,3-Pentadiene trans 3.33E-04 0.60E-04 
2.30E-04 Isoprene 3.03E-05 0.24E-04 
2-Pentyne 3.67E-05 1.04E-04 
C5H10 
 
2-Pentene 2.89E-04 2.37E-04 
6.92E-05 3-Methyl-1-butene 5.68E-05 
1-Pentene b 1.70E-05 
C6H6 Benzene 1.25E-03 0.23E-03 1.00E-03 
C7H8 Toluene 12.10E-05 9.11E-05 4.59E-05e 
C2H4O Acetaldehyde 4.24E-04 14.60E-04 6.74E-04 
Ethylene oxide Trace 1.07E-04 
C2H6O Dimethylether 5.77E-05 8.58E-05 4.20E-05 
Ethanol c a 
C3H6O Propanal 5.60E-05 19.9E-05 13.80E-05 
Acetone (impurity~5E-05) 6.55E-05 10.1E-05 
C4H4O Furan d 12.30E-04 4.69E-04 
C4H6O 
2-Butenone 9.73E-04 a 
2.43E-04 2-Butenal 5.53E-05 a 
2,3-Dihydrofuran 2.10E-05 1.08E-05 
Iso-butenal c a 
C4H8O 2-Butanone 2.24E-05 a 1.24E-05 
Isobutanal c a 
C5H6O 2-Methylfuran (MF) 3.33E-03 4.00E-03 2.35E-03 
3-Methylfuran 2.82E-05 a 
C5H8O 3-Pentene-2-one 4.54E-05 a 4.09E-05 
a: not available ; b: hidden by C5H6 peak; c: not detected; d: identified by GC/MS, but not 
quantified; e: taken from GC measurement   
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Table 4 
Name and structure of some species involved in the detailed mechanism of the DMF oxidation. 
Species Name Species Name Species Name 
O CH3CH3
 
DMF 
CH
O
 
R8C6H7O O
C
 
Furyl-2 
O CH3
 
MF  
CH2
O
 
R9C6H7O O
C  
Furyl-3 
O
 
Furan O
 
M2C6H6O O
CH  
C4H5O-3 
O CH2CH3
 
R1C6H7O O
 
M3C6H6O O
CH
 
C4H5O-2 
O
C
CH2
CH3
 
R2C6H7O 
C
CH
O
 
B1C6H6O CH
 
C5H5# 
OCH2 CH2
 
R3C6H7O O
 
C6H5O# 
 
1,3-C5H6 
CH O
 
R4C6H7O OH
 
C6H6O CH2 CH2
 
C5H7Y 
O
CH
 
R5C6H7O 
CH
O
 
Bicycle CH
 
C5H7#Y 
CH
O
 
R6C6H7O O CH2
 
furylCH2 CH CH2
 
C5H7-1s 
 
C
CH2
O
 
R7C6H7O 
C
O CH3
 
M5F-2yl 
CH
 
C5H7# 
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Figure captions 
Figure 1. Main species mole fraction xi and temperature T profiles as a function of height 
above burner h. Symbols: experiment (EI-MBMS), lines: model results. Equilibrium values 
(open symbols) are indicated at h=43 mm. Perturbed temperature profiles were calibrated by 
QCL absorption at 25.0 mm; they were used as input parameters for the numerical simulation 
without any changes. 
Figure 2. Mole fraction profiles of selected C1 and C2 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
Figure 3. Mole fraction profiles of selected C3 and C4 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
Figure 4. Mole fraction profiles of selected C5 and C6 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
Figure 5. Mole fraction profiles of selected C1-C3 oxygenated species for ?=1.7. Symbols: 
experiment (EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0 can be found in the 
Supplemental Material. 
Figure 6. Mole fraction profiles of selected C4-C6 oxygenated species for ?=1.7. Symbols: 
experiment (EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0 can be found in the 
Supplemental Material. 
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Figure 7. C4H8 isomers (1-butene and 2-butene). Left: mole fraction profiles (sum of C4H8) 
obtained in the MBMS experiment and results of the GC analysis. Right: respective model pre-
diction and MBMS experiment results. 
Figure 8. C5H8 isomers (isoprene, 2-pentyne, and 1,3-pentadiene). Left: mole fraction profiles 
(sum of C5H8) obtained in the MBMS experiment and results of the GC analysis. Right: re-
spective model prediction and MBMS experiment results. 
Figure 9. Reaction flow analysis for the consumption of DMF in the fuel-rich flame (?=1.7) 
for a distance of 3.1 mm from the burner, corresponding to a simulated temperature of 1101 K 
and a 73% conversion of DMF. The size of the arrows is proportional to the relative rates of 
consumption of a given species. 
Figure 10. Structure of furan, MF, and DMF. Italic numbers: calculated bond energy (in kcal 
mol-1); number near the atom: atom label. 
Figure 11. Comparison of experimental and simulated profiles of CO, C2H2, C2H6, C4H6, 
C2H2O and C3H4O for the three fuels: Furan, MF, and DMF. 
Figure 12. Comparison of experimental and simulated profiles of C5H6, C6H6O and C6H6 for 
the three fuels: Furan, MF, and DMF. 
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Figure 1. Main species mole fraction xi and temperature T profiles as a function of height 
above burner h. Symbols: experiment (EI-MBMS), lines: model results. Equilibrium values 
(open symbols) are indicated at h=43 mm. Perturbed temperature profiles were calibrated by 
QCL absorption at 25.0 mm; they were used as input parameters for the numerical simulation 
without any changes. 
 
41 
 
 
Figure 2. Mole fraction profiles of selected C1 and C2 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
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Figure 3. Mole fraction profiles of selected C3 and C4 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
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Figure 4. Mole fraction profiles of selected C5 and C6 species for ?=1.7. Symbols: experiment 
(EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0?can be found in the Supple-
mental Material. 
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Figure 5. Mole fraction profiles of selected C1-C3 oxygenated species for ?=1.7. Symbols: 
experiment (EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0 can be found in the 
Supplemental Material. 
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Figure 6. Mole fraction profiles of selected C4-C6 oxygenated species for ?=1.7. Symbols: 
experiment (EI-MBMS); lines: simulation. Mole fraction profiles for ?=1.0 can be found in the 
Supplemental Material. 
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Figure 7. C4H8 isomers (1-butene and 2-butene). Left: mole fraction profiles (sum of C4H8) 
obtained in the MBMS experiment and results of the GC analysis. Right: respective model pre-
diction and MBMS experiment results. 
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Figure 8. C5H8 isomers (isoprene, 2-pentyne, and 1,3-pentadiene). Left: mole fraction profiles 
(sum of C5H8) obtained in the MBMS experiment and results of the GC analysis. Right: re-
spective model prediction and MBMS experiment results. 
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Figure 9. Reaction flow analysis for the consumption of DMF in the fuel-rich flame (?=1.7) 
for a distance of 3.1 mm from the burner, corresponding to a simulated temperature of 1101 K 
and a 73% conversion of DMF. The size of the arrows is proportional to the relative rates of 
consumption of a given species. 
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Figure 10. Structure of furan, MF, and DMF. Italic numbers: calculated bond energy (in kcal 
mol-1); number near the atom: atom label. 
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Figure 11. Comparison of experimental and simulated profiles of CO, C2H2, C2H6, C4H6, 
C2H2O and C3H4O for the three fuels: Furan, MF, and DMF. 
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Figure 12. Comparison of experimental and simulated profiles of C5H6, C6H6O and C6H6 for 
the three fuels: Furan, MF, and DMF. 
